terized vertebrate-secreted semaphorin, is a potent axonal repellent for a variety of neurons in vitro, and in vivo serves as a chemorepellent essential for the establishment of many axonal pathways (Raper, 2000) . Similarly, the related Drosophila-secreted semaphorin Sema-2a is ., 2000) . Sema3A, a well-characteins contain multiple domains that are known to be important for interactions with actin, intermediate fila-
semaphorin signaling and provide novel targets for the S1). Based on analysis of isolated cDNAs and Western analysis (see Supplemental Figure S2D ), there are at attenuation of axonal repulsion. least three MICAL isoforms ("long," "medium," and "short" variants; Figure 1A ). press the GAL4 transcription factor in all neurons (Elav-GAL4). In lysates from the resulting embryos, we obcades and in cytoskeletal organization (Bach, 2000) , and also a single calponin homology (CH) domain (Figure1B; served robust coimmunoprecipitation of MICAL using HA antibodies ( Figure 1G ) and also reciprocal coimmudata not shown), a domain also found in cytoskeletal and signal transduction proteins and known to be involved in noprecipitation of HA-PlexA using MICAL-CT antibodies (data not shown). The "large" MICAL isoform is the preactin filament binding (Gimona et al., 2002) Figure S2 ). which increase in intensity in lysates from embryos harboring a chromosomal duplication that includes the If MICAL functions in Sema-1a/PlexA-dependent repulsive axon guidance, then MICAL LOF mutants should MICAL locus (see Supplemental Figure S2D at http:// www.cell.com/cgi/content/full/109/7/887/DC1). The three exhibit motor axon guidance defects similar to the distinct and highly penetrant defects seen in Sema1a and largest protein bands correspond to the predicted molecular weights of the three MICAL cDNAs ( Figures 1A) .
Results

Drosophila MICAL is named for its recently characterized vertebrate ortholog, MICAL-1 (for molecule inter-
PlexA LOF mutants. We restored MICAL expression in homozygous Df(3R)swp2 MICAL embryos using one copy of the transgreatly reduced or absent innervation of target muscles.
Axons within the SNa pathway in MICAL mutants also genic construct UAS-MICAL under the control of the neuron-specific driver Elav-GAL4. Due to the large size exhibit highly penetrant defects similar to those observed in both Sema1a mutants and PlexA mutants. In of the MICAL protein, we attempted our rescue using the smallest MICAL isoform-the 300 kDa "small" form wild-type embryos, SNa axons defasciculate from the SN and extend through the ventral musculature as a ( Figure 1A ). The level of neuronal MICAL expression observed by immunostaining with MICAL antibodies in single tightly fasciculated bundle ( Figure 3A) . At the dorsal edge of muscle 12, SNa axons defasciculate to give three independent MICAL transformants was somewhat lower than wild-type levels (data not shown).
Neuronal rise to a dorsal (D) and lateral (L) branch. Axons within the dorsal branch extend dorsally between muscles 22
MICAL expression did not rescue the adult lethality in Df(3R)swp2 MICAL homozygotes, suggesting a requirement and 23 and then make two characteristic turns, continuing farther dorsally between muscles 23 and 24 (Figures for the MICAL "long" form, other genes within the Df(3R)swp2 MICAL deficiency, and/or MICAL in nonneu-3A and 4E). In Sema1a and PlexA mutants, SNa axons within the dorsal branch often stall near muscle 12 and ronal cells for adult viability. We did, however, observe that neuronal MICAL expression in homozygous fail to reach the dorsal-most portion of their trajectory ( Figure 3B ; of all three rat MICALs shows specific neuronal and MICAL mutant background, which rescues all ISNb and SNa defects, one copy of mediated repulsive axon guidance, we mutated the three glycine residues within the FAD fingerprint 1 motif the neuronal MICAL G→W rescues none of these defects (e.g., Figure 6C ; Figures 7E and 7G) . To address the possibility connective defects (Figures 6D-6H ; Table 1 ; data not shown), providing further evidence that MICAL G→W is bethat a general inhibition of oxidation-reduction mechanisms by these reagents underlies this attenuation of ing expressed neuronally and is likely able to bind PlexA. However, though many of these defects resemble pheSema3A repulsion, we asked whether selective inhibitors of other redox enzymes present in neurons had any notypes observed in Sema1a, PlexA, or MICAL LOF mutants (Table 1) , a significant fraction (ISNb, Ͼ44%; SNa, effect on Sema3A-mediated repulsion. We did not see attenuation of Sema3A-mediated axonal repulsion using 38%) were strikingly distinct (Table 1 ; Figures 6D-6H) . For example, though we observed ISNb and SNa axon inhibitors specific for nitric oxide synthase (N-nitro-Larginine methylester [L-NAME]), xanthine oxidase (alloguidance phenotypes consistent with MICAL LOF phenotypes ( Figure 6D ; Table 1 ), these phenotypes were purinol [Allo]), or mitochondrial electron transport (NADH dehydrogenase; rotenone [Rote]) at concentraoften more severe. They include defects in which axons bypass their muscle targets but then appear to defascitions previously shown to be effective in cell culture conditions ( Figure 7G ). DRG axons and Sema3A-culate in inappropriate places and project into adjacent segments (e.g., Figure 6D ). Interestingly, we also obsecreting 293 cells appeared normal following growth in the presence of all but one of these inhibitors. In some served ISNb and SNa axon guidance phenotypes consistent with MICAL GOF, but these phenotypes also explants we noticed an adverse effect on survival of DRGs treated with rotenone, but axons in those roteappeared more severe (e.g., Figures 6E and 6F) These observations provide a neutralize semaphorin-mediated repulsion in vertebrates, we employed an in vitro rat DRG growth cone framework for dissecting the molecular basis of semaphorin-meditated neuronal guidance and also a potenrepulsion assay using Sema3A-secreting 293 cells (Figure 7A; Messersmith et al., 1995) . NGF-dependent DRG tial target for attenuating their repulsive action. Our genetic and biochemical results support an esaxons exhibit little to no outgrowth toward Sema3A-secreting 293 cell aggregates (Figures 7C and 7G) (Figure 7G ). We also asked whether this occurs directly or indirectly. Drosophila MICAL is an ortholog of the previously characterized whether (Ϫ)-epicatechin (EC), a compound structurally 1, 2, and 3) . We also identhat inhibition of flavoprotein monooxygenase enzymatic activity dramatically attenuates semaphorintify here a family of MICAL-like proteins that lack the conserved N-terminal MICAL monooxygenase domain. mediated axon repulsion and growth cone collapse. However, though the inhibitor EGCG has a high degree Our expression and interaction data support the idea that MICALs mediate plexin signaling in vertebrates. In of selectivity for flavoprotein monooxygenases, similar concentrations of EGCG inhibit other enzymes including addition, flavoprotein monooxygenase inhibitors block Sema3A-mediated repulsion and collapse of NGFsteroid 5␣-reductase, NADPH-cytochrome P450 reductase, telomerase, matrix metalloproteinases MMP-2 and dependent DRG axons, repulsive interactions dependent on A class plexins including plexin A3. Future ge-MMP-9, and phenol sulfotransferase (Abe et al., 2000a (Abe et al., , 2000b . Although most of these enzymes are unlikely to netic and biochemical analysis will establish the role of vertebrate MICALs in neuronal and nonneuronal plexin be expressed in the growth cones of DRG axons, we cannot rule out potential nonspecific effects of these signaling.
The 
